(1) Cutoff probe based on the minimal microwave signal transmission from one electrode (probe) to another at x r ¼ x pe . (2) Hairpin probe (and its modifications) based on the resonance frequency shift of the probe resonance frequency with (x r ) and without (x 0 ) a plasma; x pe 2 ¼ x r 2 À x 0 2 . (3) Resonance probe or plasma absorption probe (and many new names for the same) based on the resonance in some surface mode of the plasma-sheath-probe structure. In the simplest case of a spherical probe, for an electrostatic symmetrical mode, x pe 2 ¼ x r 2 (1 þ R/S), where R is the probe radius and S is the thickness of the sheath around the probe. This resonance is the well-known series sheath-plasma resonance when the sheath capacitive reactance is compensated by the plasma inductive reactance at x < x pe .
One attractive feature of microwave probes is their immunity to probe surface contamination that may prevent using Langmuir probes (LPs) and electrostatic analyzers in plasma processing reactors. Note that the probe contamination problem in plasma processing reactors was successfully resolved using contemporary Langmuir probe techniques. 14, 15 It is believed that another attractive feature of microwave probes is their ability of inferring the electron collision frequency, e, by measuring the resonance probe Q-factor, Q ¼ x r / e, or the width of the resonance peak, Dx ¼ e .
A more sophisticated approach to find e from the measurement of microwave probe reactance was shown in Ref. 5 .
Except the hairpin probe, invented by Stenzel 10 and later refined in Ref. 13 , all recently proposed microwave probes are reincarnations (with some modifications) of the half century old resonance probe proposed by Takayama et al., 16 see also Ref. 17 , and of the plasma resonance (cut off) probe proposed by Levitskii and Shashurin. 18 But, in spite of many theoretical and experimental efforts to refine these microwave probe methods, neither of them became a routine diagnostic tool.
In our opinion, the old microwave probe methods could not be used as diagnostic tools because of the many uncertainties and unrealistic assumptions in theories and models for inferring plasma parameters from measured microwave probe characteristics. We are not aware of any existing critical analysis of microwave probe validity. The purpose of this article is to bring to attention some problems related to microwave probes found in the current literature, which puts into question their viability as new diagnostic tools.
Any kind of plasma probe diagnostics (Langmuir, B-dot, and microwave probes) implies an inferring of plasma local parameters not distorted by the probe presence. Insertion of a probe, however, can lead to disturbances in the plasma density, electron temperature, plasma current, and ionization balance. The conditions for neglecting those distortions are well known for Langmuir 14 and, partly, for B-dot 19 probes. Generally, the resonance frequency of a microwave probe depends on the plasma density, probe geometry, electron temperature, and sheath thickness. For a cut-off probe in the first category mentioned above, the sheaths around the transmitting and receipting probes and their holder reduce the plasma density between closely set probes. The probe sensitivity and accuracy deteriorate when the distance between the probes becomes comparable to the sheath thickness. For a hairpin probe in the second category, the presence of the sheath around the hairpin resonator affects its resonance frequency since the dielectric constant of the sheath is larger than the dielectric constant of the surrounding plasma. 13 For a resonance probe in the third category, the sheath affects directly the resonance frequencies, and in contrast to previous cases, cannot be considered as a relatively small secondary effect.
When a probe and its holder are inserted into a plasma, they inevitably cause the plasma density depletion around the probe and its holder. Plasma depletion around the probe is similar to plasma depletion near the plasma chamber wall. a) egodyak@comcast.net Such plasma disturbance inflicted by a Langmuir probe has been studied theoretically and in experiments for collisional plasmas. 20, 21 Those studies showed a considerable drop in plasma density around the probe at the distance nearly equal to a few probe radii. On the other hand, the microwave field induced by the probe is localized in the same plasma depleted zone on a scale comparable to the probe radius R. Therefore, the microwave probe senses a depleted plasma density n* < n 0 and the sheath thickness S* > S 0 . Here, n 0 and S 0 are the undistorted plasma density and the corresponding sheath width.
According to Ref. 21 , the plasma density at the probe surface is about one-fifth of the density of the unperturbed plasma. The measured electron temperature is by about 40% less than in the unperturbed plasma. The plasma density depletion spreads the distance of an order of magnitude larger than the probe radius. These huge plasma disturbances are typical for collisional plasmas controlled by ambipolar diffusion considered in Refs. 20 and 21. For lower gas pressures, when ion inertia and charge exchange processes dominate plasma transport to the probe, the plasma depletion around the probe is smaller, but still significant. 22 As far as we know, the effect of plasma depletion (although mentioned in the same MP works) has not been considered in application to microwave probes. Existing publications on microwave probes assume a uniform plasma, undistorted by the probe. Plasma depletion also occurs around a Langmuir probe (LP), but there is a fundamental difference between MP and LP. MP senses the sheath and plasma permittivity within the distance of about a probe radius, R, while LP senses electrons coming from the plasma volume with radius K or k e (whichever is smaller), where K is the plasma size and k e is the electron mean free path. In the validity range of a Langmuir probe, K ) R and k e ) R, and the plasma depletion effect is of the order of (R/k e ) 2 and, therefore, is negligible.
In all known models for various microwave probes, the thickness of the sheath surrounding a floating MP defines its electrical capacitance C s found as the capacitance of a vacuum gap of thickness S ¼ kk D , where k D is the Debye length. 23 Such a significant spread in the estimation of the k values causes a significant uncertainty in the evaluation of the sheath width. At very high negative sheath voltage jV s j ) T e /e when S ) k D0 , the sheath width can be defined by the Childs-Langmuir Law for ions but becomes inaccurate 13 for typical MW probes under the sheath floating potential for the Maxwellian electron energy distribution function, EEDF V sfM ¼ T e =2e lnðM=2pmÞ % ð3-6Þ T e =e:
(
Note that V sfM is somewhat different (about twice) for light and heavy gases, which has never been accounted in the MW probe models. Since there is no strict boundary between the plasma and the sheath, various models are used to describe the sheath. One of them is the Bohm sheath model, 24 which yields the Bohm criterion that the ions enter the sheath with the ion-sound speed v s . This model gives an infinite sheath (k ¼ 1) and is obviously not suitable for sheath width evaluation. 25 To find the sheath width some authors use the steady state Childs-Langmuir law or other simplified sheath models. 26 All those steady-state models give different sheath widths, which are qualitative estimates, and therefore different coefficients k. However, none of them is suitable for the diagnostic theory.
Indeed, all steady state sheath models are valid for frequencies much smaller than the ion plasma frequency (x ( x pi ) and are not applicable for frequencies x ) x pi where microwave probes operate. For the same sheath structure and size, the sheath capacitance is different for low and high frequencies and is defined not only by the sheath width but also by the reaction of ions and electrons on the sheath rf electric field.
27,28 At x ) x pi , ions in the sheath are frozen, while electrons are not.
Expression (1) for the floating potential at k D ( R and a Maxwellian EEDF is never valid in gas discharge plasmas for high energy electrons (e > eV sf ) that form the floating potential. Depending on the shape of the EEDF, V sf values can be considerably smaller or considerably larger than that given by Eq. (1) with T e ¼ T eff ¼ 2/3hei, where hei is the electron energy averaged over EEDF; see Ref. 29 and Fig. 3 in Ref. 15 .
The value of the floating potential, V sf , is defined by the equilibrium of the electron and ion currents to the probe, I i þ I e ¼ 0. For non-Maxwellian EEDF, electron current to a floating probe, I e , is defined by fast electrons with their energy, e > eV sf , having distribution temperature, T eh , while the ion current, I i (as well as k D and v s ), is defined by the electron screening temperature, T es weighted by slow electrons. 30, 31 In capacitively coupled plasma (CCP) and inductively coupled plasma (ICP) at very low pressures, when collisionless rf power absorption dominates, EEDFs are usually enriched with low-energy and high-energy electrons, and T eh ) T es , V sf can be estimated as
which may considerably exceed V sfM given by (1) with T e ¼ T eff . The uncertainty in V sf together with the uncertainty in k D and e evaluations for non-Maxwellian EEDF (that, as a rule, is the case for real gas discharge plasmas) should bring an additional uncontrollable error in inferring plasma parameters from the microwave probe measurement. The detrimental effect of the plasma rf potential, V p, on the Langmuir probe sheath is well known. Practical methods to mitigate this effect in the probe measurement in rf plasmas have been quite well understood.
14 To the best of our knowledge, the effect of the rf plasma potential V p on the MW probe measurement has never been recognized and addressed in the published experiments.
Since the microwave probe circuit is grounded for rf plasma sustaining frequency, the presence of the rf plasma potential would inevitably cause a modulation of the microwave probe sheath with the rf plasma driven frequency. The rf modulation of the MW probe sheath results in the two following negative effects that further deteriorate the MW probe accuracy.
First, at V p ) T e , that is typical for ICP and to a much larger extent in CCP, the MW probe modulation would increase the dc negative probe floating potential from V sf to V sfrf given by the following expression:
Here, I 0 is the modified Bessel function and V p is the amplitude of rf plasma potential. Expression (3) is valid for R ) k D and Maxwellian EEDF. The increase in the sheath negative dc voltage results in the increase in the sheath width and in the reduction in its capacitance, which affects the MW probe resonance frequency. For an argon rf plasma with T e ¼ 3 eV and a quite moderate amplitude of V p ¼ 20 V, we find from Eq. (3) that the value of V sfrf is twice large than the value of V sf given by Eq. (1). Second, the rf modulation of the probe sheath causes the modulation of its resonance frequency. Since the period of the rf oscillation is much shorter than the acquisition time of the MW probe response, the probe rf modulation results in a convoluted resonance curve which gives an exaggerated value for the electron collision frequency, e ¼ Dx.
In recent publications on microwave probes, the plasma around the MP was described with the complex permittivity of the cold plasma. In such an approach, the electron collision frequency with atoms, e , was found to be e ¼ Dx, or more accurate, from Ref. 5 . A kinetic theory of a MW probe of arbitrary shape has been presented in Ref. 4 , but it is not suitable for practical application in diagnostics with the MW probe.
In the majority of publications on microwave probes, the measurements were performed in a low pressure rf plasma where the length of the microwave field localization, d, (nearly equal to the MP radius, R), is comparable to or less than the electron mean free path, k e տ d % R: In this case, the electron thermal motion in the non-uniform microwave field of the MP may cause a change in the plasma dispersion relation and give raise to plasma collisionless absorption which is well known in low-pressure capacitive and inductive discharges, 33, 34 when v Te տ dx, where v Te is the electron thermal velocity. At the typical MP frequency, x % 10 10 s
À1
, the condition v Te տ dx could be satisfied for thin MPs (like hairpin, plasma absorption, and cutoff probes), and the inferred electron collision frequency could be affected by the collisionless absorption. For microwave frequency, only the fastest electrons of the electron energy distribution (whose distribution temperature, T eh , usually strongly deviates from that of the main body of electrons) contribute to collisionless power absorption. Therefore, without knowledge of electron energy distribution corresponding to the EEDF tail, the evaluation of collisionless absorption remains problematic.
Accounting for collisionless absorption in MP models by some combined electron collision frequency, eff ¼ e þ s with s ¼ v Te /4d gives only a qualitative estimate that is not suitable for a diagnostic theory. Indeed, s cannot be expressed by a simple universal formula like above since, in general, s depends on the frequency, geometry, and the particular shape of EEDF. Moreover, the spatial profile of the microwave field near the probe is actually unknown and is expected to be different for MW probes operated at x < x pe and those operated at x > x pe . The calculations of microwave field distribution around the MW probe are rather problematic with many existing formulas for different kinds of skin effects (like collisionless, normal, anomalous, and nonlinear), yet derived for a flat plasma boundary.
We have shown that existing microwave probe theories and experiments are built with too simplified and unrealistic assumptions about plasma uniformity, sheath capacitance, and absence of rf plasma potential interaction with the probe sheath and the assumption of a Maxwellian EEDF. The latter is usually assumed when the EEDF is not known.
In gas discharge plasmas, EEDFs are non-Maxwellian for the energy range related to electron transport (elastic energy range) and excitation, ionization, and electron escape to the walls (inelastic energy range). Plasma parameters, like complex plasma permittivity, electron collision frequency, Debye length, ion sound speed, and probe floating potential, are sensitive to the EEDF. 30, 31, 35, 36 Assuming a Maxwellian EEDF in the calculation of these parameters in the microwave probe theory applied to a real plasma would lead to uncontrollable errors in the inferred plasma parameters.
In summary, current MP theories have some unrealistic assumptions and involve some plasma parameters, which are only qualitative estimates and are not accurate enough for a reliable plasma diagnostics theory.
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